Abstract. In this study I show that simple heuristic models and numerical calculations suggest that an entire class of commonly invoked models of earthquake failure processes cannot explain triggering of seismicity by transient or "dynamic" stress changes, such as stress changes associated with passing seismic waves. The models of this class have the common feature that the physical property characterizing failure increases at an accelerating rate when a fault is loaded (stressed) at a constant rate. Examples include models that invoke rate state friction or subcritical crack growth, in which the properties characterizing failure are slip or crack length, respectively. Failure occurs when the rate at which these grow accelerates to values exceeding some critical threshold. These accelerating failure models do not predict the finite durations of dynamically triggered earthquake sequences (e.g., at aftershock or remote distances). Some of the failure models belonging to this class have been used to explain static stress triggering of aftershocks. This may imply that the physical processes underlying dynamic triggering differs or that currently applied models of static triggering require modification. If the former is the case, we might appeal to physical mechanisms relying on oscillatory deformations such as compaction of saturated fault gouge leading to pore pressure increase, or cyclic fatigue. However, if dynamic and static triggering mechanisms differ, one still needs to ask why static triggering models that neglect these dynamic mechanisms appear to explain many observations. If the static and dynamic triggering mechanisms are the same, perhaps assumptions about accelerating failure and/or that triggering advances the failure times of a population of inevitable earthquakes are incorrect.
Introduction
Earthquake-generated stress changes may increase the likelihood of other earthquakes (i.e., trigger), as evident in increases in seismicity rate following large, or "triggering," earthquakes [e.g., Reasenberg and Simpson, 1992; Toda et al., 1998; Anderson and Johnson, 1999; Stein, 1999] . The basic observation any triggering model must predict is that the change in seismicity rate caused by a triggering event lasts for a finite duration. This is so ubiquitous for aftershock sequences that it has been referred to as Omori's law, in which the number of earthquakes following a main shock decays approximately inversely proportional to time from the main shock [Utsu et al., 1995] . Remotely triggered sequences of finite duration also have been documented [Brodsky et I suggest that triggering by dynamic stresses, usually associated with transient oscillatory seismic waves, may occur at any distance and in a wide variety of settings. If true, an understanding of how dynamic triggering works should advance our understanding of earthquake initiation generally. Traditionally, aftershocks have been attributed to static stress changes associated with the final slip distribution, and remotely triggered sequences have been attributed to dynamic stresses. I propose that dynamic triggering must also be important at This paper is not subject to U.S. copyright. Published in 2001 by the American Geophysical Union.
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short distances. The first reason for this is that a fault affected by a stress perturbation does not "know" where the perturbation originated but only that the stress affecting it has been perturbed. The distance to the source of the stress perturbation therefore does not seem to be relevant. Second, the association of dynamic triggering with remote seismicity increases in part simply reflects the difficulty of observing it unambiguously at shorter distances, rather than any underlying physical process. At shorter distances, other changes, such as static stress or pore pressure changes, may be nearly as large. Additional observational bias leading to the perception that the correlation of rate changes with static stress changes at close distances is more significant than with dynamic stress changes may simply arise from the greater number of studies of static stress changes, owing to the relative simplicity of computing static deformations. Albeit few, dynamic triggering at aftershock distances has been inferred for a handful of earthquakes [Kilb et In this study I show heuristically (i.e., through cartoons and simple logic) and by using several numerical examples that when the triggering stress change is dynamic, many commonly invoked models of earthquake failure predict seismicity rate increases with a duration no longer than that of the transient (dynamic) stress change. In other words, garden-variety failure mechanisms with dynamic stress changes fail to explain a very fundamental observation. I refer to this class of failure mechanisms as "accelerating failure" mechanisms. These have the feature that under constant rate tectonic loading, the quantity characterizing failure accelerates nonlinearly. Accelerating failure is a property of rate state frictional models in which the fault slip increases nonlinearly until the slip velocity exceeds some threshold value (see Dieterich and Kilgore, 1996, for a summary). Subcritical crack growth models also fall in this class because under constant rate loading the crack length accelerates until its growth rate reaches some critical value at which failure occurs [Atkinson, 1979; Das and Scholz, 1981] . In these types of models the quantity characterizing failure eventually will accelerate toward its failure threshold even if the loading is removed. Coulomb failure models have simpler failure criteria. The fault strength, or stress at which failure occurs, remains constant regardless of the applied loading (Figure 1) . The notion of a constant failure stress threshold must be set aside to understand the behavior of accelerating failure models.
One of the few quantities relevant to the failure process that can be directly measured is the change in the rate of failure within a population of faults or, equivalently, the seismicity rate change. To understand the relevance, first the timing of failure for a single fault needs to be understood. In the absence of any stress changes associated with other earthquakes, stress is applied to a fault at constant rate due to plate tectonic motions. This tectonic loading ultimately leads to failure, after which the fault heals and the loading process repeats. I refer to the time between failures on a single fault as the cycle time t cycl e. The stress changes associated with another earthquake may perturb the tectonic loading and cause failure to occur earlier (or later) than it would have in the absence of the perturbation. The change in the cycle time is often referred to as clock advance At (or clock delay).
In a general sense, an increase in failure rate due to a stress change can be thought of as resulting from clock-advanced failure on a collection of faults, or in other words, from a group of faults failing sooner than they would have in the absence of the stress perturbation. In simple Coulomb models, At depends only on the stress change and the tectonic loading rate and is independent of the loading history prior to the time of the stress change, which I denote as time t o (Figure 1) . In accelerating failure models, At depends on to. To cause a change in the rate of failure with specific characteristics requires a specific dependence of At on to and some assumptions about the population of affected faults (see below). This implies that seismicity rate changes predicted for different failure models and stress changes will differ and thus provides an opportunity to test the models against observed rate changes.
Stress changes may trigger, or clock advance failure, in two ways: by permanently incrementing the tectonic load acting on a fault and by altering properties of the fault and/or its environs. Static stress changes can do both. Because dynamic stress changes are transient they can only do the latter (Figure 1 ). It [Dieterich, 1994] . This alteration of the fault surface clock advances the failure times of a population of faults in a specific way so that the failure rate is increased for a finite duration. Herein I show that not only Dieterich's model but also other accelerating failure models explain static stress triggering of aftershocks but cannot explain dynamic triggering. Thus either we must conclude that the physical processes underlying static and dynamic triggering differ, or we must rethink what we believe we understand about static triggering.
Heuristic Model
The affect of a stress change on seismicity rate may be understood by first considering the response of a single fault under tectonic loading and the effect of a perturbing stress on The responses of a single fault to tectonic loading with and without static and dynamic stress perturbations are now summarized. In simple Coulomb failure models, fault strength is independent of the applied stress until the stress exceeds some strength threshold and failure occurs (Figure 1 ). It is clear from Figure 1 that At is constant regardless of when a static stress step is applied, until it is so late that the threshold is reached immediately and failure is instantaneous.
In accelerating failure models the fault is moving toward failure at a faster rate later in its cycle (greater values of to), so that an equal transient perturbation applied later advances it farther toward failure, i.e., causes a bigger At, than an earlier one. I illustrate this with an example calculated for a relatively simple specific accelerating failure model, subcritical crack growth. In many materials found in Earth, cracks will propagate quasi-statically at a rate described by a single equation,
in which x is the crack length, C is a geometric factor, and k o and Vo are material properties determining the minimum stress intensity factor and rate of crack growth below which no growth occurs, respectively [Atkinson, 1979 As in the dynamic case, the increment in r causes a rapid increment in the crack length and in dx/dt. However, because the load change is permanent, dx/dt remains higher and the crack continues growing at a faster rate than had no perturbation occurred. For the earlier perturbation the incremented dx/dt is smaller than for the later perturbation (because x is smaller), and it takes more time to reach failure. However, relative to the rate with no perturbation, the crack perturbed earlier spends a greater fraction of its total time to failure at an elevated rate and thus experiences a greater change in its failure time or equivalently, a greater clock advance.
Although the examples shown in Figures 2 and 3 are for specific cases, the opposite dependencies of At on t o for static and dynamic stress perturbations applies to all accelerating failure models. This may be easily understood recognizing that a static stress change can be considered as a sum of transient boxcar perturbations. Because a fault is closer to and is moving toward failure a faster rate later in its cycle, an equal transient perturbation applied later is more effective at advancing the time of failure. In other words, At increases with increasing to. Figure 4a illustrates schematically this dependence of At on t o for two fault stress histories, which include tectonic loading with boxcar dynamic stress perturbations. Figure 4b shows the analogous stress histories for static stress perturbations. An earlier applied static perturbation differs from a later one only by having an additional boxcar transient added at the beginning. Clearly, this extra perturbation should lead to additional clock advance, or At increasing with decreasing t o.
How then does clock advance affect seismicity rate? Consider first some population of identical faults that fail under tectonic loading alone at rate r o. Note that for this to occur the faults must be at different points in their loading cycles at any given time (Figures 5a and 5b) . When perturbed by a static stress change, faults that are early in their cycles are clockadvanced more than those that are late in their cycle, resulting in an increased failure rate (i.e., a sort of shoveling of failure times toward the failure end; Figure 5a ). As Figure 4 illustrates, the opposite occurs as a result of a dynamic perturbation, leading to a decrease in failure rate (Figure 5b) . The exception to this is when failure occurs immediately during the transient, and because the system does not yet "know" that the perturbation is transient, it responds as predicted for a static stress change. Thus the rate increases only for the duration of the transient and it then decreases. Because the rate change is determined only by the type of stress perturbation, these results do not depend on assumptions about the fault population; that is, although identical faults are considered in the example of Figure 5 , the same rate change behavior results for a more complex population.
This heuristic model and interpretation can be quantified by again considering first a population of faults with identical properties that fail at rate r o under tectonic loading alone. Goreberg et al. [2000] show that the change in seismicity rate due to a stress perturbation may be estimated from r(t)/ro = 1 -dtp/dt, 
. Schematic time histories of stresses applied to two identical faults, illustrating how t o affects At. Under tectonic (constant rate) loading alone failure occurs at tcycl e (dark diagonal lines). (a) Boxcar dynamic stress perturbations are added to the tectonic load (shaded lines) at different values of t o. At is larger for the later perturbation (see text for explanation). (b)
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Examples: Two Specific Models
The generality of (2) and (3) allows the seismicity rate change to be computed numerically for a variety of physical models of failure. I demonstrate this and the validity of the above heuristic model using two examples, a rate state frictional model and a subcritical crack growth model. In both cases I assume for simplicity the same fault population described in the previous paragraph; for this special population, calculations for a single fault can be used directly to compute seismicity rate changes. Figures 7a and 7b) . In terms of the heuristic model, this corresponds to shifting the stress histories of the faults in Figure 6c so that failure occurs at some finite constant rate, r0, and all faults are perturbed at the same t o (as in Figure 6b ). Figure 7b now corresponds to a system appropriate for a triggering event clock-advancing failure on a suite of faults (e.g., a main shock/aftershock sequence). The corresponding rate change can be computed by taking the derivative of tp(t) or of tp(to) as proscribed by (2) or (3), respectively.
The resulting rate change is plotted as a function of t. If the stress perturbation is static the clock advances cause a rate increase that decays as observed in aftershock sequences (Figure 7c) . Notably, however, if the perturbation is dynamic (transient), the rate increases only for a time equal to the duration of the transient (Figure 7c To illustrate the generality of this result, equivalent calculations are performed for a subcritical crack growth model (Figure 8) . Again, calculations are performed for a single crack, and the time axis is rescaled to obtain results appropriate for a population. For this population an analytic expression for the rate changes may be easily derived for static and dynamic stress perturbations described as step and boxcar functions, respectively (Appendix A). Notably, the crack growth model predicts rate changes indistinguishable from those of a rate state frictional model. Perhaps this should not be surprising as a close connection between crack growth and frictional sliding processes has been suggested previously on the basis of laboratory studies [see Locknet, 1998, and references therein].
Conclusions
In summary, simple heuristic models suggest that dynamic triggering cannot be explained by an entire class of commonly 
in which x is the crack length, C is a geometric factor, and k o and Vo are material properties determining the minimum stress intensity factor and rate of crack growth below which no growth occurs, respectively [Atkinson, 1979; Das and Scholz, 1981 , and references therein]. The stress-corrosion index, n, typically exceeds 10 or more. To model tectonic loading at constant rate, dr/dr, with some perturbation applied at time to, I assume that for a static stress perturbation the shear stress r equals r(t) = (dr/dt)t + ArH(t-to),
in which H(t) represents a step function with amplitude For a transient, for simplicity, I assume a boxcar time function of width t,, so that the total shear stress equals r(t) = (dr/dt)t t < to, t > to + tw (A3)
,(t) = (dz/dt)t + A, to-< t -< to + tw.
Expressions for the perturbed failure time tp and its rate of change with respect to t o, dtp/dt o, are derived by substituting (A2) or (A3) into (A1) and defining tp as the time at which the velocity dx/dt becomes infinite. These can then be used to compute the seismicity rate change according to (3a). While some lower velocity would be more accurate, the acceleration near the end of the cycle becomes so rapid that the difference 
